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Fertilization in the ascidians triggers an activation wave of calcium release followed by intracellular calcium oscillations
synchronous with periodic membrane potential excursions during the completion of the meiotic cell cycle. Fertilization
also causes a fast decrease in the egg plasma membrane depolarization-activated calcium current and a large increase in
capacitance thought to represent membrane addition to the egg surface. We have analyzed the temporal and causal relation-
ships between these changes in the eggs of Phallusia mammillata using whole-cell patch-clamp recording while simultane-
ously imaging calcium with fura-2 dextran. We have de®ned the role of ryanodine receptor (RyR) and InsP3 receptor (InsP3R)
during fertilization and meiosis by looking at the effects of InsP3, cyclic ADP ribose (cADPR), and ryanodine in perfused
oocytes. We show that InsP3 (10mM perfused through the patch pipette) is able to trigger sustained oscillations in intracellu-
lar calcium concentration in unfertilized oocytes, resembling those recorded in fertilized egg completing meiosis. In addition
the sustained oscillations resulting from InsP3 perfusion in unfertilized oocytes are suf®cient to cause the emission of both
polar bodies. In contrast, ryanodine or cADPR never trigger detectable calcium signal in perfused oocytes. Instead, nanomo-
lar concentrations of ryanodine or cADPR cause a capacitance change, implying a net insertion of membrane to the oocyte
surface, and trigger a fast decrease in the depolarization-activated calcium current. Both changes are similar to the changes
in conductance and capacitance naturally observed following fertilization. These effects, although not associated with
measurable calcium signals, are abolished by coperfusion of the calcium chelator BAPTA. In contrast to ryanodine or
cADPR, sustained perfusion of the oocyte with nanomolar concentrations of InsP3 causes no capacitance change and a
slow and moderate decrease in calcium current. Our observations on inseminated patch-clamped eggs further indicate that
membrane insertion, which starts 15±20 sec after the onset of the membrane conductance change at fertilization, can be
altered by interfering with the RyR. Our results imply that, in ascidians, as in some mammals, RyR and InsP3R play
distinct roles during fertilization. q 1997 Academic Press
INTRODUCTION tive roles in fertilization and meiotic completion are un-
clear (Whitaker and Swann, 1993; Whitaker, 1996).
The source of Ca2/ for the initial transient increase origi-Fertilization stimulates the eggs of ascidians, annelids,
nemerteans, and mammals arrested at different stages of nates mainly from intracellular stores, with occasional
contribution from extracellular calcium (Miyazaki et al.,meiosis to resume and complete the meiotic cell cycle via
periodic intracellular calcium signals (Deguchi et al., 1996; 1993; Deguchi et al., 1996). In mammalian and ascidian
eggs, the initial postfertilization pulse of [Ca2/]i is followedEckberg and Miller, 1995; Russo et al., 1996; Sensui and
Morisawa, 1996; Stricker, 1996). The two types of intracel- by repetitive calcium waves (Fissore and Robl, 1993; Spek-
snijder et al., 1989), which are dependent on both extracel-lular calcium channels, inositol 1,4,5-trisphosphate recep-
tors (InsP3R) and ryanodine receptors (RyR), have been lular and intracellular calcium (Igusa and Miyazaki, 1983;
Goudeau and Goudeau, 1993; Sensui and Morisawa, 1996).shown to control calcium signaling in eggs but their respec-
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and kept in a tank of cooled circulating seawater under constantIn the mammalian and ascidian oocytes investigated to
illumination. Metaphase I-arrested mature oocytes were extracteddate, InsP3R is present and functional as a calcium release
from the oviduct and kept in arti®cial seawater (ASW). Sperm waschannel (Miyazaki et al., 1992; Xu et al., 1994; Dale, 1988;
drawn directly from the spermiduct. Chorions and follicle cellsMcDougall and Sardet, 1995). The RyR has been detected
surrounding the oocyte are removed manually using ®ne sharpenedin mammalian eggs, but its role as a calcium release chan-
tungsten needles. Fertilization is induced by inseminating dechori-
nel is still a matter of debate (Peres, 1990; Swann, 1992; onated eggs with a dilute suspension of sperm.
Ayabe et al., 1995; Yue et al., 1995). In ascidian eggs, elec-
tron-dense periodic cortical structures, linking the plasma
membrane and the endoplasmic reticulum membrane, are Solutions
observed and look like the ``feet'' RyR structure in skeletal
The arti®cial seawater (ASW) solution contains NaCl, 400 mM;muscle (Sardet et al., 1992a). In several species of ascidians,
KCl, 10 mM; MgCl2, 50 mM; CaCl2, 10 mM; Hepes, 10 mM, pH 8.0.an effect of 0.67 mM ryanodine on egg surface glycosidase
When barium (50 mM) is substituted for calcium, the magnesium
release has been reported (Lambert et al., 1994; McDougall concentration is set at 10 mM, to maintain a total concentration
et al., 1995). Finally, effects of nanomolar concentrations of divalent ions of 60 mM. The perfusing pipette solution is com-
of ryanodine on membrane permeability as well as RyR posed of sucrose, 400 mM; KCl, 200 mM; NaCl, 10 mM; MgCl2, 1
detection by immunological staining indicates the pres- mM; EGTA, 1 mM; Hepes, 20 mM, pH 7.2. Fura-2 Dextran 10000
ence of the RyR in oocytes of Ciona intestinalis (Arnoult (Molecular Probes) is prepared as a stock solution at 5 mM in pipette
solution. FFP-18 pentapotassium salt (Calbiochem) is prepared (0.5et al., 1997).
mM) in pipette solution. Ryanodine (Calbiochem) is prepared as aFertilization in ascidians is characterized by a succession
stock solution at 13.5 mM in ethanol. InsP3 (Calbiochem) is pre-of events at the egg surface. There are ®rst changes in
pared as a stock solution of 1 mM in pipette solution. cADPRplasma membrane conductance (Kozuka and Takahashi,
(Amersham) is prepared as a stock solution of 10 mM in pipette1982; Dale et al., 1983; Hice and Moody, 1988), which are
solution. BAPTA (Sigma) is prepared as a stock solution of 5 mMaccompanied by a large increase in plasma membrane capac-
in pipette solution. All these compounds are dissolved at their ®nal
itance thought to represent nonexocytic membrane inser- concentrations in the pipette solution and ®ll the egg (150 mm in
tion (Block and Moody, 1990; Coombs et al., 1992; Arnoult diameter) by diffusion through the whole-cell patch pipette. By
et al., 1994). An activation wave of intracellular calcium imaging the ¯uorescence of fura-2 introduced by such a diffusion
release is initiated, followed by a cortical contraction and process, we observe a saturating signal within around 10 min. Some
a reorganization of the egg along a new developmental axis compounds are perfused for shorter times, and their effective intra-
cellular concentration is then lower than the nominal value in(Roegiers et al., 1995). Finally a series of waves of intracellu-
pipette. It does not affect the internal consistency of the method,lar calcium release and plasma membrane potential oscilla-
based on comparison of different effectors concentrations, the eggtions traverse the egg until meiosis is completed (McDou-
being loaded under the same conditions.gall and Sardet, 1995; Russo et al., 1996). Meanwhile, the
current induced by depolarization at low threshold of acti-
vation is eliminated in both ascidian (Hice and Moody, Electrophysiological Recordings
1988; Coombs et al., 1992; Arnoult and Villaz, 1994) and
The dechorionated eggs are layered on the bottom of a chambermouse eggs (Mitani, 1985).
®lled with ASW. Eggs are patch-clamped in the whole-cell con®gu-In this work, an electrophysiological approach was used
ration using pipettes pulled to resistances of 3±4 MV with a Meca-to monitor the calcium release through internal calcium
nex BB-CH puller (Geneva, Switzerland). Currents are recorded un-channels. The approach relies on the measurement of depo-
der voltage-clamp conditions with a RK300 ampli®er (BioLogic,larization-activated Ca2/ currents at the level of the oocyte
Claix, France) and P-Clamp software (Axon Instruments, Fostermembrane by whole-cell patch-clamp recording; these cur-
City, CA). Series resistance is compensated electronically (1±2 MV).
rents are sensitive to [Ca2/]i and their intensity is therefore Eggs can be successively patched with different pipettes, allowing
an index of calcium released. Moreover, the same methodol- for changes in pipette solutions as previously described (Arnoult et
ogy allows us to measure the capacitance, an estimate of al., 1997). Eggs can be patch-clamped in the whole-cell con®guration
cell surface area, which is indicative of any membrane traf- and recorded for hours, with the same pipette or with different
®cking. An extra bene®t of the patch-clamp recording in pipettes, without disturbing the cell integrity (Coombs et al., 1992;
Arnoult and Villaz, 1994). In some experiments, the current underthe whole-cell con®guration is to use the continuity be-
voltage-clamp conditions is displayed continuously on a Gouldtween patch pipette and cell to introduce into the cytosol
RS3200 pen recorder. Capacitance of the oocytes plasma membraneappropriate agonists or antagonists through the patch pi-
is evaluated by the steps of current induced under triangle-wavepette. We used such measurements and simultaneous im-
voltage command, as previously explained (Arnoult et al., 1994).aging of intracellular calcium, to investigate the role that
two intracellular calcium release channels, RyR and InsP3R,
play in the fertilization events in ascidians. Calcium Imaging
Dechorionated eggs are loaded with 1 mM fura-2 dextran (or 0.5MATERIALS AND METHODS
mM FFP-18) applied for 5 min by diffusion from the patch pipette.
Ascidians Eggs Eggs are observed using an epi¯uorescence Nikon Diaphot 300 mi-
croscope through a CF-Fluor 20X objective (numerical apertureSpecimens of the ascidian Phallusia mammillata were collected
in the lagoon of Thau near SeÁte on the French Mediterranean coast 0.75) or a CF-Fluor 40X immersion objective (numerical aperture:
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1.30). Fluorescence is collected from the entire cell. Eggs are illumi- the patch-clamp approach, two additional parameters: the
nated at 340 and 380 nm successively using a Lambda 10 Optical depolarization-activated calcium current and the mem-
Filter Changer (Sutter Instrument Company) and ¯uorescence brane capacitance. Such results are shown in Fig. 1B on an
emission is recorded at 510 nm using an Extended Isis CCD camera egg different from the egg recorded in Fig. 1A.
(Photonic Science, Robertsbridge, UK). Data acquisition and cal-
cium measurement are performed with the Starwise Fluo 220 sys-
tem (Imstar, Paris). During the acquisition process, at each sam- Loss of Low-Threshold Calcium Current and
pling time, the two source intensity images (excited at 340 and 380 Membrane Insertion after Fertilization
nm) are stored on hard disk. The calculations of calcium concentra-
An inward current is normally activated by depolariza-tion are done according to the formula of Grynkiewicz et al. (1985)
to provide a pixel by pixel ratiometric image of [Ca2/]i : [Ca2/]i  tion of the unfertilized oocytes of P. mammillata. This is
K*r[R0Rmin]/[Rmax0R], where K* is the product of the dissociation shown in Fig. 1B (a). Ion substitution and channel inhibition
constant of the Ca2/±fura-2 complex by a constant related to the experiments demonstrate that this inward current is a cal-
optical characteristics of the system and R is the ratio F340/F380 of cium current (data not shown). Some recordings are per-
the ¯uorescence signals measured at 340 and 380 nm. The parame- formed in the presence of barium instead of calcium in the
ters used in the present study are Rmin  0.28, Rmax  2.6, K*  external solution, to suppress the potassium inward current
4000 nM. In the results that will be shown, [Ca2/]i is averaged over opened at potentials below 050 mV. The calcium currentthe whole egg apparent diameter. In most cases, data were sampled
peaks with activation times of the order of 20 msec at volt-at intervals of 2, 4, or 5 sec.
ages near 020 mV, giving to this current the familiar low-
threshold feature reported in several other ascidian oocytes,
e.g., sodium current of Boltenia villosa (Block and Moody,RESULTS
1987) or the low-threshold calcium current of C. intestinalis
(Bosma and Moody, 1990). In P. mammillata, as in otherSynchrony of Electrical and Calcium Signaling
ascidians, the low-threshold depolarization-induced cal-Events during Fertilization and Meiosis
cium inward current disappears gradually after fertilizationCompletion
and is almost totally lost by the time meiosis is completed
and ®rst cleavage occurs (Fig. 1B, b) (Block and Moody, 1987;In order to examine the chronology of the events triggered
by the fertilizing sperm in P. mammillata, we performed Arnoult and Villaz, 1994).
In addition to analyzing variations in low-threshold cal-whole-cell patch-clamp recording of oocytes and fertilized
these oocytes while simultaneously recording electrical cium currents, we recorded on the same egg variations in
the electrical capacitance of the plasma membrane, a mea-events and imaging intracellular calcium. The [Ca2/]i in the
eggs of Phallusia varies between 100 nM (resting level) and sure of cell surface area changes. In P. mammillata as in
other ascidians a characteristic pattern of postfertilizationaround 1 mM (average Ca2/ level of repetitive calcium tran-
sients), according to previous data by Speksnijder et al. (1989) changes is observed, i.e., oscillatory changes in surface area
synchronous with phases of the meiotic and mitotic celland McDougall and Sardet (1995). Figure 1A shows the
changes in [Ca2/]i and the inward current under voltage clamp cycles (Coombs et al., 1992; Arnoult et al., 1994). These
variations, shown in Fig. 1B, start with a bout of membranesimultaneously recorded in a whole-cell patch-clamp con®g-
uration. The exact time of fertilization (indicated by ``F'' in insertion to the egg surface, corresponding to an increase of
50% in egg surface area within 25 min at 147C.Fig. 1) is monitored by the associated change in electrical
current under voltage clamp (Kozuka and Takahashi, 1982). We thought to examine what role InsP3R and RyR played
in these various changes by examining oocytes under condi-The postfertilization current measured under voltage clamp
in P. mammillata is similar to the variation in current ob- tions of whole-cell patch-clamp recording and perfusion
through the patch pipette.served after fertilization of C. intestinalis oocytes (Brownlee
and Dale, 1990). The fertilization-induced current is followed
within 15 sec (15.5 { 6.0 sec, n 8 at 207C) by a large change
Calcium Oscillations Are Triggered by IP3Rin intracellular calcium that lasts 5 min (Fig. 1A). This initial
Stimulation of Unfertilized Eggscalcium wave is followed by several smaller transients (9 in
this egg) repeated every 2 min each lasting about 1 min (Fig. It has been reported that InsP3 injection into the ascidian
egg (Tosti and Dale, 1994) or photolysis of injected caged1A). They are synchronous with the oscillations in inward
current: at the time the inward current is maximum, the InsP3 trigger a single intracellular release of calcium and
the cortical contraction of the ascidian egg as well as theintracellular calcium level starts to increase. The calcium
level peaks at the time the inward current comes back to its emission of the ®rst polar body (Roegiers et al., 1995;
McDougall and Sardet, 1995). A single pulse of InsP3, how-minimum value. Interestingly the amplitude of the current
peaks measured in the same egg correspond to the amplitude ever, never entrains the dozen or so oscillations in intracel-
lular calcium levels that characterize a fertilized egg com-of the calcium oscillations (Fig. 1A). Both oscillations in in-
ward current and calcium waves end precisely at the time pleting meiosis. Our experiments show that it is possible
to produce calcium oscillations of 30 sec duration, spacedthe second polar body is extruded (Speksnijder et al., 1989;
McDougall and Sardet, 1995; Russo et al., 1996). 60±120 sec apart, by constant perfusion of the oocyte with
InsP3 through the patch pipette (Fig. 2A). In order to ob-We have also been able to record on the same egg, with
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FIG. 1. Calcium signals and electrical events during fertilization and meiotic completion in the ascidian Pallusia mammilata. (A)
Intracellular calcium waves and inward current measurements on the same egg (temperature: 207C). Fura-2 dextran (1 mM) was perfused
through a ®rst patch pipette for 5 min. A second patch pipette was used for recording and then sperm was added in the bath. We recorded
at the same time calcium signals (upper trace) and membrane currents (lower trace) under whole-cell con®guration (voltage clamped at
060 mV). (B) Depolarization-induced calcium current and membrane capacitance measurements on the same egg (temperature: 147C).
(Right panels) Traces of calcium current in P. mammillata elicited by the same protocol of depolarizing voltage pulses between 060 and
/30 mV by steps of /10 mV, before (a) and 70 min after (b) fertilization. In these experiments, the external solution is 50 mM Ba-ASW,
and the holding potential is clamped at 080 mV. Due to differences in temperatures in (A) and (B) the time scales of the major events
are different for the two eggs shown. The times of fertilization (F) and emission of ®rst and second polar bodies are shown.
serve such periodic calcium transients, InsP3 concentra- As a consequence of the generation of repetitive calcium
transients the egg activates, ®rst changing shape then emit-tion in the perfusion pipette must be high. With 10 mM
InsP3 in the pipette, repetitive calcium transients were ob- ting one, then two, polar bodies. Interestingly, after the sec-
ond polar body is emitted the calcium transients elicitedserved 7 of 9 times, whereas 5 mM InsP3 was unsuf®cient
(6 trials). We noted that the calcium transients are in fact by the constant perfusion of InsP3 cease (not shown).
Those InsP3-induced calcium transients are accompaniedcalcium waves propagating from the tip of the perfusion
pipette. These waves stop as soon as the pipette is re- by inward current oscillations of small amplitude under
voltage-clamp conditions. We also monitored conductancemoved. Interestingly, a preloading of oocytes with ryano-
dine (from 100 nM to 10 mM) does not hinder the produc- and capacitance changes induced by sustained perfusion of
a concentration of InsP3 suf®cient to entrain the generationtion of those repetitive calcium waves induced by InsP3
perfusion (data not shown). of calcium transients. Capacitance change and loss of the
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low-threshold calcium current accompany the generation from internal stores. They are at least due to events im-
plying speci®cally the calcium release channels RyR andof those calcium waves (data not shown).
In contrast to InsP3 , perfused ryanodine or cADPR (both InsP3R, since their speci®c inhibition kills those effects.
Additional perfusion experiments show that when 100 mMin the nM to mM range) or caffeine (50 mM) never elicit
any detectable calcium signals using fura-2, its dextran ryanodine (a RyR blocker) is applied ®rst, a further perfusion
of 10 nM cADPR is ineffective in eliciting a calcium currentderivative (Figs. 2B and 2C), or its recently described am-
phipathic form, the dye FFP-18, a new calcium indicator change. A similar inhibition in calcium current change is
observed when 100 nM InsP3 is applied after 0.5 mM heparindesigned to monitor near-membrane [Ca2/] (Etter et al.,
1996). Perfused ryanodine and cAPDR as well as caffeine, (an inhibitor of InsP3R) has been perfused ®rst (data on un-
fertilized eggs not shown).however, have effects on the conductance and capacitance
of oocytes that are abolished by simultaneous perfusions The time course of the decrease in current density caused
by the perfusion of ryanodine, cADPR, and InsP3 is shownof calcium buffers.
in Fig. 4 (upper traces). Whereas ryanodine (1 nM) and
cADPR (10 nM) cause a rapid and almost total decrease in
Depolarization-Activated Calcium Currents Are current density taking about 5 min, InsP3 perfused at similarDifferentially Sensitive to Both Intracellular concentration causes a lesser and much slower decrease.
Calcium Release Channels
In order to examine the effects of channel agonists on the
Membrane Insertion in Oocytes Is Caused by RyRdepolarization-activated calcium current in perfused oo-
Stimulationcytes, we ®rst record traces of current induced by depolariz-
ing pulses between 060 mV and /30 mV from a patch pi- Selective effects of nanomolar concentrations of ryanodine
or cADPR versus InsP3 on current density and capacitancepette (Figs. 3A1 and 3B1) and then replace the pipette with a
new pipette containing the control solution with or without changes in oocytes are shown in Fig. 4. We record calcium
currents, as described in Figs. 1B or 3, and simultaneouslyeffector (ryanodine, cADPR, or InsP3) and apply the same
protocol of depolarizing pulses. For each individual egg, evaluate the oocyte surface area by measuring the oocyte
electrical capacitance. We note that a sustained perfusion ofthese traces obtained with successive pipettes containing
control solutions remain remarkably stable and reproduc- InsP3 (1 nM as shown or up to 1 mM) suf®cient to cause a
slow decrease in peak calcium current (Fig. 4C1) does notible (see also Arnoult et al., 1997).
We note that nanomolar concentrations of ryanodine and alter the oocyte capacitance (Fig. 4C2). In contrast, perfusion
of ryanodine (nM) elicits a progressive capacitance increaseto a lesser extent InsP3 yield current traces of decreased
intensity (Figs. 3A2 and 3B2). From simultaneous capaci- and therefore a net insertion of membrane to the egg surface
up to 15% (Fig. 4A2). Similar results are obtained with highertance measurements, we could express these currents as
peak current per capacitance (Fig. 3A3 and Fig. 3B3). Ryano- concentrations of ryanodine up to 1 mM. Interestingly,
cADPR application, previously reported to be an effector ofdine (1 nM) produces a large decrease (80% within 2 min)
in current density and InsP3 (1 nM) a much smaller decrease some members of the RyR family (Sitsapesan et al., 1995),
elicits a pattern of changes in calcium current and capaci-(20% within 2 min).
The af®nities of ryanodine and InsP3 for their respective tance analogous to that induced by ryanodine perfusion (Fig.
4B2). We obtained comparable results from 15 oocytes per-receptors have been measured in many different cell ex-
tracts and are in the nanomolar range, though modulated fused with ryanodine (1 nM), 5 oocytes perfused with cADPR
(10 nM), and 13 oocytes perfused with InsP3 (1 nM).by numerous ionic and environmental factors (Ogawa, 1994
and Coronado et al., 1994, for reviews on RyR; Parys and These capacitance changes produced by ryanodine or
cADPR perfusion are not disturbed by preloading unfertil-Bezprozvanny, 1995, and Hilly et al., 1993, for InsP3R). The
dose±response curve of the effects of ryanodine on calcium ized eggs with heparin (0.5 mM, a concentration which
strongly inhibits normal completion of meiosis in fertilizedcurrent inhibition in P. mammillata oocytes shows that
nanomolar concentrations are most effective (Fig. 3A4). eggs; n  3, data not shown).
This curve is bell-shaped, similar to that observed for the
effects of ryanodine on skeletal or cardiac muscle function.
Insertion of Membrane to the Egg Surface atInstead the response to cADPR is not bell-shaped (in the
Fertilization Is Sensitive to RyR Effectorsrange 1 nM to 100 mM), the effect being similar to that
caused by the perfusion of 1 nM ryanodine (not shown). In Using whole-cell patch-clamp and calcium imaging, we
could simultaneously record the plasma membrane capaci-contrast, increasing concentrations of InsP3 (from the nM
to the mM range) have increasing effects on the calcium tance changes, the start of the fertilization current, and the
rise in the intracellular calcium concentration under differ-current (Fig. 3B4). These effects on calcium current inten-
sity of ryanodine and InsP3 are prevented by intracellular ent conditions of intracellular perfusion through the patch
pipette (Fig. 5). The onset of membrane insertion (seen asperfusion of the oocyte with the calcium chelator BAPTA
(1 mM in the patch pipette) in Phallusia (data not shown) the rise in capacitance) is closely linked to the rise in intra-
cellular calcium. They both occur about 15 sec after theas well as in Ciona (Arnoult et al., 1997). We then favor the
hypothesis that they might be due to calcium release events change in membrane conductance triggered by the fertiliz-
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FIG. 2. Intracellular free calcium levels in response to perfusion of oocytes with InsP3 or ryanodine or cADPR (temperature: 197C). Fura-
2 dextran (1 mM) was perfused through the patch pipette for 5 min. Then a new patch pipette containing 10 mM InsP3 (A) or 100 nM
ryanodine (B) or 10 nM cADPR (C) was applied in whole-cell con®guration to the oocyte. Calcium imaging measurements were made
(one image per 4 sec in A and C, one image per 2 sec in B) before and after perfusion with the effectors. The egg pro®les depict the fact
that extrusion of polar bodies is only observed under InsP3 perfusion.
ing sperm (Fig. 5A). Membrane insertion can be delayed by perfusion prior to fertilization (see Fig. 4). The increases in
capacitance and membrane insertion in the early minutesabout 60 sec and is partially inhibited when a low concen-
tration of ryanodine (1 nM) is ®rst perfused through the after fertilization are almost totally abolished when concen-
trations of ryanodine that are inhibitory for RyR (100 mM)patch pipette (Fig. 5B). It can be noted that in this experi-
ment the capacitance is readily increased due to ryanodine are perfused before and during fertilization (Fig. 5C). Yet
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FIG. 3. Comparative effects of ryanodine (A) and InsP3 (B) perfusion on depolarization-activated calcium current in oocytes. A1 and A2,
respectively, show the traces of current induced by depolarizing pulses between 060 and /30 mV by steps of /10 mV on the same oocyte
before (A1) and after (A2) perfusion of ryanodine (1 nM) through the patch pipette for 2 min using the same protocol. B1 and B2 show the effects
of perfusing InsP3 (1 nM) using the protocol above. A3 and B3 show the relationship between current density and voltage before (®lled squares)
and after (open triangles) perfusion with ryanodine and InsP3 corresponding to the recordings shown above. In all experiments, the temperature
was 147C, the external solution 50 mM Ba-ASW, and the holding potential was clamped at 080 mV. A4 and B4 show the dose response curves
for the inhibition of depolarization-activated calcium current after perfusion of the oocytes with ryanodine or InsP3 at different concentrations
in the patch pipette. The current inhibition is displayed as the ratio of peak current amplitude under control conditions compared with peak
current amplitude 5 min after perfusion with ryanodine or InsP3. The effects of the drugs are plotted as means { standard deviation. Different
oocytes (between 1 and 14) were assayed for each concentration. Each oocyte was perfused with only one compound and one concentration.
under these conditions the egg activates normally and com- DISCUSSION
pletes meiosis. Perfusing a low concentration of InsP3 (1
RyR and InsP3R Coexist in EggsnM) through the patch pipette for 2 min prior to fertilization
does not disturb capacitance and membrane changes oc- The coexistence of two types of intracellular calcium re-
lease channels, namely, RyR and InsP3R, has been well docu-curring at fertilization (data not shown).
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FIG. 4. Effects of perfusing ryanodine (A), cADPR (B) and InsP3 (C) on oocyte current density and capacitance. (A1±B1±C1) The three
drugs decrease the calcium current density in three different oocytes with different kinetics. (A2±B2±C2) Comparative effect of the three
drugs on membrane capacitance; whereas ryanodine or cADPR perfusion have immediate and lasting effects on membrane capacitance,
InsP3 perfusion has no effect.
mented in several cells types, including mouse hippocampal of cADPR on egg activation via calcium release has only
been demonstrated convincingly in sea urchins (Buck et al.,neurons (Seymour-Laurent and Barish, 1995), rat cerebellum
neurons (Cameron et al., 1995), and human cardiac ventricu- 1994; Galione et al., 1991; Lee et al., 1993; Tanaka and
Tashjian, 1994). In the present work, we provide clear evi-lar myocytes (Go et al., 1995). RyR and InsP3R are also pres-
ent in many types of oocytes including those of humans dence that cADPR as well as ryanodine affect membrane
capacitance and conductance in ascidian eggs. Their effects(Tesarik and Sousa, 1996). They have been generally de-
tected by functional criteria. Injection or photorelease of are maximal at nanomolar concentrations which correspond
to their measured af®nity for the RyR receptor (Coronadomicromolar concentrations of InsP3 activates eggs of mam-
mals (Peres, 1990; Miyazaki et al., 1992; Xu et al., 1994), et al., 1994; Sutko and Airey, 1996). It is likely that the
ascidian RyR acts as a calcium release channel since theascidians (Dale, 1988; McDougall and Sardet, 1995), amphib-
ians (Nuccitelli et al., 1993), and sea urchins (Whitaker and effects of nanomolar concentrations of ryanodine and
cADPR on the plasma membrane conductance are blockedIrvine, 1984; Galione et al., 1993). Injection of high (millimo-
lar) concentrations of ryanodine is necessary to induce de- by coperfusion of calcium chelators (on Phallusia, four such
experiments were performed; for a more detailed analysistectable effects in sea urchins eggs (Sardet et al., 1992b; Gali-
one et al., 1993) and mouse and bovine eggs (Swann, 1992; on Ciona, see Arnoult et al., 1997).
However, although we used several different ¯uorescentYue et al., 1995). The presence of RyR has also been inferred
from the detection of transcripts in the mouse egg (Ayabe calcium dyes, we could not detect any calcium signals in
ascidian oocytes perfused with ryanodine or cADPR (seeet al., 1995) and the immunological detection of RyR-like
proteins in sea urchin eggs (McPherson et al., 1992). In ascid- also McDougall et al., 1995). One possibility is that we
could not detect small localized calcium changes due toians the presence of RyR has been inferred from ultrastruc-
tural considerations (Sardet et al., 1992a) from its effect on the relatively low temporal and spatial resolution of our
calcium measurements on oocytes perfused with ryanodinethe cell surface glycosidases (Lambert et al., 1994; McDou-
gall et al., 1995) and more convincingly from its effect at or cADPR. Such discrete localized calcium signals have
been recently described in several cell types including eggsnanomolar concentrations on Ca2/ currents and its immu-
nolocalization (Arnoult et al., 1997). It is thought that a (Berridge, 1996; Parker et al., 1996).
One advantage of our patch-clamping approach is that ionnatural effector of the RyR could be cADPR, so far an effect
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FIG. 5. Effects of ryanodine at low and high concentrations on membrane insertion at fertilization. (A) Simultaneous imaging of intracellu-
lar calcium and recording of membrane capacitance on the same egg during the ®rst minutes after fertilization The egg is perfused in the
whole-cell con®guration with a patch pipette containing the standard perfusion solution. (B) The same recordings as in A on a different
egg with ryanodine (1 nM) in the patch pipette perfusing the egg prior to fertilization. Note that ryanodine elicits an increase of capacitance
before fertilization (see Fig 4). (C) The same recordings as in A and B on another egg with ryanodine (100 mM) in the patch pipette. The
three recordings were performed at the same temperature (197C) in ASW solution and are plotted on an identical time scale. The vertical
dotted line (F) indicates the time of fertilization taken at the start of the drop of the inward fertilization current for each of the three eggs.
Capacitance values, black triangles; calcium level, light gray under curve.
channels are highly sensitive to local changes of calcium detect, both InsP3R and RyR channels in the egg using the
same indicator, i.e., the peak amplitude of a calcium cur-controlling their opening. An other advantage of this ap-
proach is that it allows us to monitor, or to functionally rent. The faster response time observed on unfertilized eggs
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for ryanodine compared to InsP3 (e.g., Fig. 4A1 versus 4C1) not required for the completion of the meiotic cell cycle is
clearly shown by our experiments on eggs that are activatedis likely due to the vicinity of RyR to the mouth of patch
pipette, as suggested by the cortical location of RyR de- while being perfused with ryanodine (Figs. 5B and 5C).
One possibility for the membrane insertion observed intected by immunolocalization in the egg of another ascidian
(Arnoult et al., 1997). ascidian eggs is that part of the cortical ER network which
we suggested is attached to the plasma membrane via RyR
``feet'' (Sardet et al., 1992a) comes to be physically continu-
RyR and InsP3R Play Different Roles at ous with the plasma membrane thus increasing the surface
Fertilization membrane area. We are currently testing this hypothesis.
In Ciona and Phallusia oocytes, a single injection of InsP3In mammalian and ascidian eggs, the InsP3R is held re-
sponsible for the bulk of the intracellular calcium release or a single photolysis of injected caged InsP3 releases intra-
cellular calcium once and only once (Dale, 1988; McDougallafter fertilization but the role of the RyR is controversial
(McDougall and Sardet, 1995; Ayabe et al., 1995). It has and Sardet, 1995; Sensui and Morisawa, 1996). We now
show that whole-cell perfusion of the oocyte with InsP3 (10recently been demonstrated that RyRs (types 2 and 3) are
present in the mouse egg cortex (Ayabe et al., 1995). They mM) through a patch pipette can trigger sustained calcium
oscillations whose magnitude and periodicity resembledo not seem essential for sperm-induced mouse egg activa-
tion but are thought to be involved in cell surface events those recorded in fertilized egg completing meiosis.
What is remarkable is that this perfusion of a relativelyleading to the release of a protease responsible for the modi-
®cation of the zona pellucida, i.e., ZP2 to ZP2f conversion high concentration of InsP3 (10 mM) is able to drive the
completion of meiosis (emission of two polar bodies), con-(Moller and Wassarman, 1989; Ayabe et al., 1995). Our pre-
vious experiments in the eggs of the ascidian C. intestinalis ®rming the early suggestion that there may exist a link
between the meiotic cell cycle and periodic calcium signal(Arnoult et al., 1997) and those reported here on the eggs
of P. mammillata show that RyRs sensitive to nanomolar (Speksnijder et al., 1989) and more recent evidence that
these signals may control the meiotic cell cycle (McDougallconcentrations of ryanodine and cADPR are present in the
oocytes, but that these receptors are probably not involved and Sardet, 1995; Russo et al., 1996; Sensui and Morisawa,
1996). Interestingly, the periodic calcium signals cease afterin the generation and propagation of the repetitive calcium
signals characteristic of the ascidian meiotic cell cycle. In- meiosis is completed suggesting that InsP3R are inactivated
when the ascidian egg has reached interphase (data notstead RyRs appear to be linked to the loss of the oocyte
membrane calcium currents and speci®cally to the inser- shown).
It has been previously reported that periodic changes intion of plasma membrane that takes place 15±20 sec after
fertilization. In addition to participating to these conduc- membrane potential occur after fertilization in mammals
(Igusa and Miyazaki, 1986) as well as during the period oftance and surface area changes, RyRs, in ascidians (uro-
chordates) as in mouse eggs, could thus be involved in the meiosis completion in ascidians (Goudeau and Goudeau,
1993; Arnoult et al., 1996; Russo et al., 1996). We showrelease of hydrolytic enzymesÐglycosidases in ascidians
(Lambert et al., 1994), proteases in mouse (Moller and Was- here that the periodic postfertilization calcium changes and
potential changes are synchronous and that their ampli-sarman, 1989)Ðthat are thought to modify the cell surface
and its sperm binding capacities at fertilization. tudes are coupled. Their exact temporal relationship, the
role played by internal and external calcium in these oscilla-We have shown that in P. mammillata whole-cell perfu-
sion of oocytes with nanomolar concentrations of ryanodine tions, and the nature of the channels and molecular path-
ways involved require further analysis using the perfusionand cADPR (but not InsP3) is suf®cient to cause a rapid loss
of depolarization-activated calcium currents mimicking and patch-clamp techniques described here.
In summary, our experiments indicate that receptors towhat happens at fertilization. In perfused oocytes as in fer-
tilized eggs large increase in plasma membrane capacitance InsP3 and to ryanodine/cADPR coexist in the ascidian egg
but seem to play distinct roles. Early postfertilizationaccompanies this disappearance of the calcium currents.
Such capacitance changes are thought to represent net addi- changes at the level of the egg cortex and membrane (cal-
cium conductance changes, membrane insertion, release oftion of surface membrane. Such net addition of membrane
to the egg surface is easily explained in species (mammals, surface glycosidases) probably depend on RyR, while the
major calcium signals and their multiple consequences onamphibians, sea urchins) where massive exocytosis of thou-
sands of subcortical vesicles are triggered by the activating egg activation and the completion of the meiotic cell cycle
would rely mainly on the InsP3R. In these respects ascidianswave of calcium release (Jaffe et al., 1978; Kline and Stewart-
Savage, 1994; Peres and Bernardini, 1985; Whalley et al., and mouse oocytes seem to share many features.
1995). In ascidian eggs, however, no such exocytosis occurs.
In addition to our observations of membrane insertion on
perfused oocytes, our observations (Fig. 5) on fertilized as- ACKNOWLEDGMENTS
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